Background: Continuous renal replacement therapy (CRRT) may benefit patients requiring extracorporeal membrane oxygenation (ECMO). However, the clinical benefits and timing of CRRT have not been fully elucidated for these patients. Methods: This study was conducted retrospectively at the Taipei Medical University Hospital between January 2008 and December 2010. We included patients who had Acute Kidney Injury Network (AKIN) stage 3 disease at the initiation of ECMO and subsequently underwent CRRT. We excluded patients aged <18 years or those who were chronic dialysis patients. Early dialysis was defined as receiving CRRT <24 h after the initiation of ECMO. The primary outcome was mortality before weaning from ECMO. Results: The median age of the 15 patients included in the study was 72 years. The median interval between ECMO and CRRT was 16 h. No significant difference in survival was observed between the early-and late-dialysis patients (p = 0.58, log-rank test). However, a trend toward a shorter mean duration of ECMO therapy was observed in the early-dialysis patients (124 vs. 169 h, p = 0.16). The median follow-up glomerular filtration rate for the survivors was 38.9 ml/min/1.73 m 2 . Conclusion: No survival benefit is conferred by the use of CRRT within 24 h after initiating ECMO in patients with severe acute kidney injury according to AKIN criteria.
Introduction
Extracorporeal membrane oxygenation (ECMO) is a primary treatment modality for intractable hypoxemic respiratory and cardiac failure in neonates and infants [1] . The survival of adult patients with acute fulminant myocarditis [2] , those receiving conventional cardiac massage because of cardiac arrest [3] , and those with acute myocardial infarction complicated by cardiogenic shock is improved by ECMO treatment [4] . As a result, the number of adult patients undergoing ECMO is increasing worldwide [5] .
Poor fluid management and pulmonary edema may cause a deterioration in cardiac and alveolar functions, thereby prolonging the duration of ECMO treatment [6] or decreasing patient survival [7] . Continuous renal replacement therapy (CRRT) using continuous venovenous hemofiltration (CVVH) can effectively enhance the fluid balance during ECMO therapy [8, 9] . An early initiation of CRRT has been reported to improve survival in postcardiotomy patients with acute renal failure [10] and allowed the removal of ECMO support [11] . Early use of CRRT may be an important therapeutic factor in the prevention of refractory fluid overload. However, a premature initiation of CRRT may be harmful to critically ill patients [12] . In a large cohort study in Asia, mortality was higher among ECMO patients receiving CRRT than in those receiving ECMO only [13] . For those not requiring chronic hemodialysis, chronic kidney disease (CKD) was a problem. Whether the early initiation of CRRT improves survival in hemodynamically unstable patients receiving ECMO is unclear.
We hypothesized that an early initiation of CRRT improves survival in patients receiving ECMO. Thus, we conducted a retrospective study of cardiogenic shock patients requiring venoarterial (VA)-ECMO who presented with severe acute kidney injury (AKI). The aim of our study was to determine whether an early initiation of CRRT increased successful weaning from ECMO and improved short-term survival in VA-ECMO patients with severe AKI.
Subjects and Methods

Study Design
In our retrospective cohort study, we analyzed the medical records of acute cardiogenic shock patients who received ECMO therapy at the Taipei Medical University Hospital. We reviewed ECMO patients who received CRRT and fulfilled the clinical criteria for Acute Kidney Injury Network (AKIN) stage 3 disease before the initiation of ECMO between January 2008 and December 2010. Patients aged <18 years and those who had undergone regular hemodialysis before receiving ECMO were excluded. Early dialysis was defined as receiving CRRT <24 h after initiating ECMO, and late dialysis was defined as receiving CRRT ≥ 24 h after initiating ECMO.
The use of ECMO therapy was introduced to our hospital in January 2007. Our ECMO team included a single cardiovascular surgeon, two perfusionists, and one registered nurse. The ECMO equipment used in our hospital included a membrane oxygenator (Affinity NT Oxygenation Systems; Medtronic, Minneapolis, Minn., USA), a blood pump, an artificial heart (Medtronic BioConsole 560 System; Medtronic), and cannulation tubing. The use of CRRT was introduced to our hospital in January 2008. The CRRT procedure was administered via cannulation by a well-trained, registered nurse in the intensive care unit using a Prismaflex CRRT device (Gambro, Stockholm, Sweden). Central venous pressure (CVP) was routinely measured using an indwelling jugular catheter and a pressure manometer or transducer.
We recorded the clinical parameters and the laboratory data from blood biochemical analyses for all the patients included in our study. Our retrospective study was approved and monitored by the Institutional Review Board of Taipei Medical University. The need for informed consent was waived because patient privacy was not breached and our analysis did not influence clinical decisions related to the care of the patients included in our study.
Venoarterial Extracorporeal Membrane Oxygenation
In VA-ECMO, blood is drained from the inferior vena cava via an intravenous catheter (21 Fr) and returned to the common iliac artery (15 Fr) . The use of VA-ECMO provides both cardiac and pulmonary support. It is used to maintain systolic blood pressure in patients with cardiogenic shock because of severe myocardial infarction or acute myocarditis. An ECMO flow rate of 2-3.5 l/min was used to provide adequate systemic circulation by maintaining a mean blood pressure at >65 mm Hg.
We initiated VA-ECMO in patients with profound cardiogenic shock and those whose mean blood pressure could not be maintained >65 mm Hg with intravenous dopamine ( ≤ 20 μg/kg/min). The ECMO machine was installed in either the emergency department or the catheterization room according to the urgency of hemodynamic instability. Acute dialysis was indicated in patients with (1) hyperkalemia (serum K + level >5.7 mmol/l) despite medical treatment, (2) oliguria (urine output <200 ml/8 h), (3) pulmonary edema as shown in plain X-ray films, (4) azotemia (blood urea nitrogen level >80 mg/dl), or (5) severe metabolic acidosis (blood gas pH <7.2) despite medical treatment.
Definition of Early and Late Dialysis
The AKIN criteria for stage 3 AKI are (1) serum creatinine >300% of the baseline level or absolute serum creatinine ≥ 354 μmol/l and (2) a urine output <0.3 ml/kg/h for 24 h or anuria for 12 h. Early dialysis was defined as starting CRRT <24 h after initiating ECMO, and late dialysis was defined as starting CRRT ≥ 24 h after initiating ECMO.
CVVH was used for CRRT during VA-ECMO dialysis by connecting an extracorporeal blood purification system to the prepump of the venous catheter of the ECMO machine. CVVH was performed with a blood flow rate of approximately 350 ml/min, depending on the intervening pressure gradient, and a hemofiltration flow rate of 35 ml/kg/h. The replacement fluid was buffered with bicarbonate and administered undiluted at a dynamically adjusted rate to achieve the desired daily ultrafiltration volume. The default composition of the replacement fluid was 142 mEq/l Na + , 33 mEq/l bicarbonate, 1.4 mEq/l Mg 2+ , and 2.6 mEq/l Ca 2+ . The daily CVVH-VA-ECMO ultrafiltration rate and urine output were recorded for each patient.
Criteria for ECMO Weaning and Outcome
The ECMO team usually tapered the dose of the inotropic agents after ECMO initiation. When the dopamine and dobutamine dose was <10 μg/kg/min, the left ventricular ejection fraction (LVEF) was >40%, or the CVP was <12 mm Hg, weaning from ECMO was attempted by decreasing the blood flow rate to <0.5 l/ min. Weaning was considered successful only if the clinical presentation was stable for 5 min. The removal of the ECMO equipment, including the ECMO catheter, from the patient 24 h after successful weaning in the intensive care unit was regarded as survival. We also measured the serum creatinine levels of the survivors 3 months after discharge.
Laboratory Measurements
Blood biochemical parameters were measured using the TBA-120FR Clinical Chemistry Analyzer (Toshiba, Otawara, Japan). Additional data obtained for each patient included age, chronic health conditions, the reason for ECMO initiation, the use of medications, and the acute physiology score of the Acute Physiology and Chronic Health Evaluation (APACHE II). We recorded the time sequence of ECMO and CRRT. The LVEF was routinely recorded using a transthoracic portable echocardiography device by the same cardiologist who acquired the baseline data upon admission. The inotropic equivalent was calculated as (milrinone × 15) + (dopamine + dobutamine + epinephrine + norepinephrine + isoproterenol) × 100 μg/kg/min, based on the quantity of each drug used in micrograms.
The laboratory series included serum levels of sodium, potassium, and albumin as well as baseline, pre-CRRT, and pre-ECMO creatinine. The hemoglobin level, the white blood cell count, and the urine output rate before ECMO were also measured. The average ultrafiltration rate, the urine output rate during CRRT, the most recent measurements of CVP, and the systolic/diastolic blood pressure at the initiation of ECMO were recorded. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was used to evaluate the estimated glomerular filtration rate (GFR) of the survivors 3 months after discharge as GFR = 141 × min(Scr/κ,1)α × max(Scr/κ,1) − 1.209 × 0.993 (age in years). The GFR of female and black patients was adjusted by multiplying their age by 1.018 or 1.159, respectively, as described previously [14] .
Statistical Analysis
The statistical analysis was performed using the Stata computer software version 12.1 (StataCorp, College Station, Tex., USA). The continuous data are expressed as means ± standard deviations; they were analyzed using the Mann-Whitney U test. The categorical variables were analyzed using χ 2 tests. The KaplanMeier method was used to analyze the patient survival rate. A two-tailed p < 0.05 was considered to indicate a statistically significant difference between data sets.
Results
Patient Characteristics
Fifteen patients were enrolled in our study, 11 (73.3%) of whom were men. Their median age was 72 years. Five (33.3%) of the patients had type 2 diabetes, and 10 (66.7%) of them had acute myocardial infarction-related cardiogenic shock. One patient had myocarditis, and 4 had undergone emergent cardiopulmonary resuscitation. The median interval between ECMO and CRRT was 16 h, and 12 (80%) of the patients received inotropic agents. Only 5 (33.3%) of the patients were successfully weaned from ECMO. The baseline demographic characteristics are shown in table 1 .
Differences in Clinical Presentation between the Early-and Late-CRRT Groups
With the exception of the interval between ECMO and CRRT (12 vs. 44 h, p = 0.001) and the hemoglobin level (9.9 vs. 13 mg/dl, p = 0.01), no significant differences in the following characteristics were observed between the early-and late-dialysis groups: age; duration of ECMO; baseline, pre-ECMO, or pre-CRRT levels of serum creatinine; LVEF; average ultrafiltration rate and urine output rate during CRRT; CVP levels, or APACHE II scores at the initiation of ECMO ( table 2 ). Although the difference was not significant, the mean duration of ECMO was shorter for the early-dialysis group than the late-dialysis group (124 vs. 169 h, p = 0.16). Early dialysis did not correlate with higher rates of survival among the patients who were successfully weaned from ECMO therapy (p = 0.71).
Survival Analysis
The Kaplan-Meier analysis of early dialysis revealed no significant difference in shortterm cumulative patient survival compared with that after late dialysis (p = 0.58, log-rank test; fig. 1 ).
Prognosis of Kidney Disease in the Survivors
One of the 5 patients who were successfully weaned from ECMO died later because of septic shock. The median age of the 4 long-term survivors was 68.3 years, and 50% of them were men. The median duration of ECMO was 196 h. Three of the 4 long-term survivors had CKD, with a median GFR of 38.9 ml/min/1.73 m 2 ( table 3 ) , and 1 of them required maintenance hemodialysis after discharge.
Discussion
In our study, early dialysis within 24 h of initiating ECMO in acute cardiogenic shock patients with AKIN stage 3 disease produced no significant improvement in survival compared with a late initiation of dialysis. The early-dialysis group had a median duration of ECMO that was only approximately 13 h shorter than that for the late-dialysis group, and the interval between ECMO and CRRT for the early-dialysis group was similarly shorter. The basic char-acteristics such as the disease severity and the laboratory variables at the initiation of ECMO, the ultrafiltration rate, and the urine output during CRRT were also similar between the early-and late-dialysis groups, whereas the interval between ECMO and CRRT and the hemoglobin level were not.
The prognosis of patients receiving ECMO who require CRRT is especially poor [15] [16] [17] . Wu et al. [13] reported that the latency between hospital admission and dialysis correlated with reduced survival among patients who received acute dialysis during ECMO therapy, especially those who had not undergone coronary artery bypass surgery. In our study, the interval between the initiation of ECMO and that of CRRT was shorter because of the advanced AKIN stage and age of our ECMO patients. A previous study of the impact of dialysis timing on mortality has been hampered by poor methodology and the heterogeneity of clinical variables [18] .
Clinical presentations
Two studies in Asia compared early and late dialysis in septic AKI patients. Using a 24-hour cutoff point, Chou et al. [19] reported a significant benefit from early dialysis, which differed from the findings of a previous study that used the Risk, Injury, Failure, Loss of Function, and End-Stage Renal Disease (RIFLE) criteria [19] . However, early dialysis has demonstrated a survival benefit in animal and human studies of AKI. In an animal study, the use of CRRT reduced the inflammatory response in a piglet hemorrhage-reperfusion ECMO model [20] . Among different populations receiving abdominal surgeries, early dialysis (as defined by the RIFLE-o and -i criteria) in postsurgical AKI patients led to a significant improvement in cumulative survival compared with late dialysis (as defined by the RIFLE-R and -F criteria) [21] .
A large multicenter prospective epidemiological study has shown that the initiation of CRRT >5 days after admission, defined as late dialysis, was associated with increased mortality, whereas serum creatinine was not [22] . Other investigators have suggested the importance of initiating CRRT during ECMO in patients in the early phases of renal dysfunction with fluid overload or inflammation [23] . In addition, Selewski et al. [24] reported that initiating CRRT before the development of a significant fluid overload may be more clinically effective than attempting fluid removal after the fluid overload has developed. Thus, the lack of a survival benefit with early dialysis in our study may be an indicator of the fact that CRRT had not been initiated early enough in our ECMO patients. In our study, all the ECMO patients had severe AKI and were classified as AKIN stage 3, which may have contributed to the lack of a survival benefit with early dialysis. In addition, increasing evidence suggests that the use of CRRT in AKI patients should rely more on urine volume, serum pH, and organ failure [25] than on serum creatinine levels, especially in fluid overload patients with reduced serum creatinine [26] . Furthermore, the hemofiltration dose in our patients did not exceed 35 ml/kg/h because of the risk of clotting in the hollow fibers of the CRRT unit installed in the ECMO circuit, which decreased the therapeutic dose and effect of the CRRT. In practice, a 25% increase is recommended to achieve an adequate dose [27] . The findings of our study are, however, strengthened by the homogeneity of the sample of cardiogenic shock patients receiving VA-ECMO and the clear definitions of early and late dialysis, which combined the AKIN criteria and a 24-hour interval between ECMO and CRRT. We also measured serum creatinine in the survivors 3 months after discharge.
An interesting result of our study is that the survivors had a longer median duration of ECMO. It has been suggested that mortality among hospitalized critical care patients with severe disease requiring ECMO and CRRT, such as cardiogenic shock, may be as high as 66.7%, which is comparable to the finding of another study of ECMO and acute dialysis in patients with a similar disease severity that reported a mortality of 70.6% [13] . Thus, a shorter duration of ECMO might be expected for nonsurvivors.
In our study, the median hemoglobin level in the early-dialysis group was statistically lower than that in the late-dialysis group. Because the hematocrit is an indicator of blood volume [28, 29] , the fluid overload and hemodilution status of the early-dialysis group -in which none were patients with traumatic hypovolemic shock -was partially supported by a reduced urine output and lower serum creatinine before ECMO.
Certain limitations to our study must be considered. First, this was a small retrospective study, and the small sample size may have influenced the results in favor of the null hypothesis. Second, the difference in the median interval between ECMO and CRRT between the earlyand late-dialysis groups was only 32 h, which might have limited the benefit of early dialysis because it was not initiated early enough. Third, we enrolled AKIN stage 3 acute cardiogenic shock patients only. It is possible that early-stage AKI patients requiring CRRT may receive a greater survival benefit from early dialysis [30, 31] .
In conclusion, our results show that early dialysis conferred no statistically significant survival benefit in ECMO patients with severe AKI, and that the mean duration of ECMO for patients who received early dialysis, although shorter, was not significantly different from that for the late-dialysis group. Future large prospective studies are warranted to clarify our findings and further assess the survival benefit of early dialysis for early-stage AKI patients receiving ECMO.
